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Monitoring tylosin and sulfamethazine in a tile-drained agricultural
watershed using polar organic chemical integrative sampler (POCIS)
Abstract
This study evaluated the influence of temporal variation on the occurrence, fate, and transport of tylosin
(TYL) and sulfamethazine (SMZ); antibiotics commonly used in swine production. Atrazine (ATZ) was
used as a reference analyte to indicate the agricultural origin of the antibiotics. We also assessed the impact of
season and hydrology on antibiotic concentrations. A reconnaissance study of the South Fork watershed of
the Iowa River (SFIR), was conducted from 2013 to 2015. Tile drain effluent and surface water were
monitored using polar organic integrative sampler (POCIS) technology. Approximately 169 animal feeding
operations (AFOs) exist in SFIR, with 153 of them being swine facilities. All analytes were detected, and
detection frequencies ranged from 69 to 100% showing the persistence in the watershed. Antibiotics were
detected at a higher frequency using POCIS compared to grab samples. We observed statistically significant
seasonal trends for SMZ and ATZ concentrations during growing and harvest seasons. Time weighted average
(TWA) concentrations quantified from the POCIS were 1.87 ng L− 1 (SMZ), 0.30 ng L− 1 (TYL), and 754.2
ng L− 1 (ATZ) in the watershed. SMZ and TYL concentrations were lower than the minimum inhibitory
concentrations (MIC) for E. coli. All analytes were detected in tile drain effluent, confirming tile drainage as a
pathway for antibiotic transport. Our results identify the episodic occurrence of antibiotics, and highlights the
importance identifying seasonal fate and occurrence of these analytes.
Keywords
Tile-drainage, POCIS, Antibiotics, Tylosin, Sulfamethazine, Atrazine
Disciplines
Agricultural and Resource Economics | Bioresource and Agricultural Engineering | Models and Methods |
Political Science
Comments
This article is published as Washington, M.T., T.B. Moorman, M.L. Soupir, M. Shelley and A.J. Morrow. 2018.
Monitoring tylosin and sulfamethazine in a tile-drained agricultural watershed using polar organic chemical
integrative sampler (POCIS). Science of the Total Environment 612: 358–367, doi:10.1016/
j.scitotenv.2017.08.090. Posted with permission.
Rights
Works produced by employees of the U.S. Government as part of their official work duties are not copyrighted
within the U.S. The content of this document is not copyrighted.
This article is available at Iowa State University Digital Repository: http://lib.dr.iastate.edu/abe_eng_pubs/831
Monitoring tylosin and sulfamethazine in a tile-drained agricultural
watershed using polar organic chemical integrative sampler (POCIS)
Maurice T. Washington a, Thomas B. Moorman b,⁎, Michelle L. Soupir a, Mack Shelley c, Amy J. Morrow b
a Department of Agricultural and Biosystems Engineering, Iowa State University, 1340 Elings Hall, 605 Bissell Road Ames, Iowa, USA
b National Laboratory for Agriculture and the Environment, USDA-ARS, 2110 University Boulevard Ames Iowa, 50011, USA
c Department of Political Science and Department of Statistics, 503 Ross Hall, Iowa State University, Ames, Iowa, USA
H I G H L I G H T S
• Tylosin and sulfamethazine were de-
tected in 37 to 100% of samples at four
locations.
• Time weighted antibiotic concentra-
tions were less than 2 ng L−1 and were
markedly less than the atrazine concen-
tration.
• Direct sampling of the subsurface drain-
age water showed that antibiotics are
leaching through the soil proﬁle.
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This study evaluated the inﬂuence of temporal variation on the occurrence, fate, and transport of tylosin (TYL)
and sulfamethazine (SMZ); antibiotics commonly used in swine production. Atrazine (ATZ) was used as a refer-
ence analyte to indicate the agricultural origin of the antibiotics. We also assessed the impact of season and hy-
drology on antibiotic concentrations. A reconnaissance study of the South Fork watershed of the Iowa River
(SFIR), was conducted from 2013 to 2015. Tile drain efﬂuent and surface water were monitored using polar or-
ganic integrative sampler (POCIS) technology. Approximately 169 animal feeding operations (AFOs) exist in SFIR,
with 153 of them being swine facilities. All analytes were detected, and detection frequencies ranged from 69 to
100% showing the persistence in the watershed. Antibiotics were detected at a higher frequency using POCIS
compared to grab samples. We observed statistically signiﬁcant seasonal trends for SMZ and ATZ concentrations
during growing and harvest seasons. Time weighted average (TWA) concentrations quantiﬁed from the POCIS
were 1.87 ng L−1 (SMZ), 0.30 ng L−1 (TYL), and 754.2 ng L−1 (ATZ) in the watershed. SMZ and TYL concentra-
tions were lower than the minimum inhibitory concentrations (MIC) for E. coli. All analytes were detected in
tile drain efﬂuent, conﬁrming tile drainage as a pathway for antibiotic transport. Our results identify the episodic
occurrence of antibiotics, and highlights the importance identifying seasonal fate and occurrence of these
analytes.
Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction
Antibiotics have been used in livestock production since the early
1950's for growth promotion (subtherapeutic), disease prevention
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(prophylactic), and disease treatment (therapeutic use). In 2013, the
total dispersal of approved antibiotics for food producing livestock
was approximately 14.9 million kilograms, in which 99.3% of that total
dispersal was used, domestically in the United States (FDA, 2015). In a
ﬁve-year span between 2009 and 2013, the domestic sale and distribu-
tion of antibiotic active ingredients for agricultural use increased ap-
proximately 17%, while those classiﬁed as medically important
increased 20% (FDA, 2015).
Subtherapeutic use of antibiotics in animal feed and water for
growth promotion is a concern due to their ability to select resistant
bacteria in the gastrointestinal tract of livestock (Chee-Sanford et al.,
2009). These antibiotics are not fully metabolized in livestock and are
excreted as the parent compound or as a metabolite (Kim et al., 2011;
Joy et al., 2013; Kemper, 2008). Antibiotics enter the environment via
land application of manure or lagoon treated water (Kim and Carlson,
2007). Once delivered into the terrestrial environment, their potential
to induce antibiotic resistance is a cause for concern. Recently, the U.S
Federal Drug Administration (FDA) introduced a strategy to combat an-
tibiotic resistance, with the issuance of “Guidance for Industry” (GFI)
documents #209 (FDA, 2012) and #213 (FDA, 2013) and the Veterinary
FeedDirective (VFD). TheVFD requires the supervision of a licensed vet-
erinarian for the use of drugs in or on animal feed. Currently, all antibi-
otics ranked under GFI #152 (FDA, 2003) are classiﬁed as medically
important to human health, and include themacrolide antibiotic tylosin
and the sulfonamide antibiotic sulfamethazine.
To investigate the potential relationship between antibiotic resis-
tance and low environmental concentrations, monitoring strategies
are needed to detect these low concentrations. Pruden et al. (2013) sug-
gests that strategicmonitoring is needed to provide baseline data on an-
tibiotics, residues, and antibiotic resistance genes (ARGs). Since the ﬁrst
national reconnaissance pharmaceutical water quality study (Kolpin et
al., 2002) the investigation of the occurrence, fate, and transport of
emerging contaminants has become more prevalent. From this study
and others, antibiotics have been detected in surface water (Fairbairn
et al., 2015; Ou et al., 2015; Gao et al., 2012), ground water (Barber et
al., 2008; Campagnolo et al., 2002; Watanabe et al., 2010), soil (Joy et
al., 2013; Kurwadkar et al., 2011), sediment (Gao et al., 2012; Ok et al.,
2011; Kim and Carlson, 2007), and crops (Carter et al., 2014; Bassil et
al., 2013; Wu et al., 2011; Jones-Lepp et al., 2012; Dolliver et al., 2007).
Water qualitymonitoring of antibiotics and other emerging contam-
inants is difﬁcult due to their diverse physiochemical properties and
their interactions in the environment. Traditional environmental sam-
pling techniques including discrete grab samples and automatic sam-
plers have been used for emerging contaminants. These sampling
techniques often require extracting large volumes of water to detect
these contaminants (Söderström et al., 2009 and Alvarez et al., 2005).
The greatest shortcoming of discrete grab sampling, is that it only pro-
vides a snapshot of environmental levels, neglecting episodic events
and overestimating concentrations. The use of these sampling methods
can be expensive and time-consuming (Söderström et al., 2009; Alvarez
et al., 2007). The development of passive sampler technology such as
the Polar Organic Chemical Integrative Samplers (POCIS) has potentially
provided a better alternative for sampling polar organic contaminants
such as tylosin, sulfamethazine, and atrazine.
The POCIS is a dynamic monitoring tool, which has the ability to de-
tect ultra-low concentrations of the dissolved phase of chemicals. The
POCIS has three general designated uses: screening of pollutants, deter-
mination of TWA concentrations, and toxicity bioassay analysis. The
screening capability of the POCIS allows for the determination of the
source and concentration gradient of chemicals. The application of
screening and TWA determination allows for the evaluation of spatial
and temporal distribution in aquatic environments (Morin et al., 2012;
Söderström et al., 2009). The ability of the POCIS to screen pollutants
was also shown in a study conducted by Kolpin et al. (2013) where
POCIS were used to determine the exposure of chemical contaminants
to smallmouth bass in the Potomac River basin. Among the chemical
contaminants tylosin, sulfamethazine, and atrazine detection frequen-
cies were 0, 40, and 100% respectively. Recently, Jaimes-Correa et al.
(2015) used the POCIS to determine the seasonal occurrence of 12 dif-
ferent antibiotics, including tylosin and sulfamethazine, and a beta ago-
nist in a predominantly agricultural watershed in Nebraska. The tylosin
and sulfamethazine did not show any spatial or temporal variation in
that watershed. Morin et al. (2012) has noted the application of the
POCIS to the detection and quantiﬁcation of an estimated 300
chemicals. The POCIS is an extensive tool that has been used in many
aquatic environments including: rivers, streams, creeks, estuaries,
lakes, seas, bays, and harbors.
We conducted a reconnaissance study of the SFIR, to establish the
baseline water quality levels in respect to sulfamethazine (SMZ) and
tylosin (TYL), and determine their distribution in the watershed using
POCIS technology. Our objectives were to investigate the inﬂuence of
temporal and spatial variation on the occurrence, fate, and transport
of tylosin and sulfamethazine; determine the frequency of detection,
and assess the impact of tile drainage vs. surface water on antibiotic
loads and concentrations. Tylosin and sulfamethazine were chosen be-
cause they are used in swine production and we had previously detect-
ed tylosin in agricultural drainage water (Garder et al., 2014). Atrazine
was included as a reference compound as it has often been detected in
agricultural watersheds.
2. Materials & methods
2.1. Watershed description
The South Forkwatershed (SFIR) is a predominantly agriculturalwa-
tershed, which encompasses approximately 78,000 ha (193,000 acres).
The greater part of SFIR is located in Hamilton and Hardin counties in
north central Iowa, with the most northern part located in Wright and
Franklin counties. Three major drainage areas make up the SFIR; Tipton
Creek tributary in the southwest, South Fork of the Iowa River in the
center, and the Beaver Creek tributary in the southeast. The headwaters
of the South Fork of the Iowa River originate from three subsurface
drains located in Hamilton County. From the headwaters, the South
Fork ﬂows in a northeasterly direction until entering Hardin County
where it ﬂows in a southeasterly direction meeting the Iowa river
south of Eldora (McCarthy et al., 2012).
The SFIR is dominated by agricultural land covering approximately
96% of the watershed. There is a large concentration of animal produc-
tion facilities alongwith intense row cropping. There are approximately
169 animal feeding operations (AFOs) in the watershed, with 153 of
them being swine facilities (Fig. 1), accounting for 91% of AFOs. Swine
seem to have a higher frequency of bacteria with antibiotic resistant
genes (ARG), which directly correlates with the amount of antibiotics
used by the swine industry compared to cattle or sheep (Heuer et al.,
2011). Swine manure produced from treated pigs, has been shown to
enhance the spread of antibiotic resistance in soil bacterial communities
(Heuer et al., 2011). Campagnolo et al. (2002) showed that antibiotics
are transported from swine farms to proximal surface and ground
water. The prevalence of antibiotic resistant bacteria was further docu-
mented in swine herds by (Chander et al., 2007; Mathew et al., 2001).
According to Tomer et al. (2008a), the estimated swine population of
the watershed is 601,193 (Beaver Creek: 75,379, South Fork: 301,628,
and Tipton Creek: 224,186). The resulting swine densities are 4.14 (Bea-
ver Creek), 7.9 (South Fork), and 11.29 (Tipton Creek) swine ha−1.
More recently Hamilton and Hardin counties were estimated to have a
swine inventory of 1.37 million (USDA-NASS, 2012). Previous work
shows that the SFIR contains persistent populations of E coli and Entero-
coccus (Tomer et al., 2008a), and genes associated with zoonotic patho-
gens (Givens et al., 2016), suggesting that transport of antibioticswithin
this watershed is likely. Finally, three small towns with a combined
human population of b500 have sewage treatment facilities the
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discharge within the watershed, with potential use of SMZ and TYL in
humans or companion animals.
Historically corn and soybeans are the crops grown in the water-
shed, and that remains the trend today (Tomer et al., 2008b). Greater
than 85% of the agricultural land is used for the production of corn
and soybeans, map shown in Supplementary Information (SI Fig. 1).
Planting occurs in April to May and harvesting occurs from September
to October. The manure produced from the CAFOs (conﬁned animal
feeding operations) in the SFIR is the main source of nutrient applica-
tion. Inorganic fertilizers and a broad band of herbicides are also used
for increased crop production (McCarthy et al., 2012).
Approximately 54% of watershed consist of hydric soils (Tomer and
James, 2004). These hydric soils include; Clarion, Nicollet, Webster,
Harps, andOkoboji soil classiﬁcations. Due to these hydric soils, artiﬁcial
drainage has changed the hydrology of the SFIR. Approximately 80% of
the SFIR is tile drained (Green et al., 2006). Vertical surface drains,
coupled with subsurface tile drains, route water from the agricultural
landscape directly into drainage channels or streams. As a result, the
water table is lowered which ensures agricultural lands are ready for
cultivation and the root zone is not saturated. Consequently, artiﬁcial
drainage expedites the transport of dissolved forms of nutrients
and chemicals, including agricultural emerging contaminants
(AEC), to surface waters, thereby negatively impacting water quality
(Frey et al., 2015; Qi et al., 2011; Kay et al., 2004; Campagnolo et al.,
2002; Gentry et al., 2000; and Kladivko et al., 1991). Work conducted
by Schilling et al. (2012) indicates that tile drainage is a key mecha-
nism impacting fundamental watershed characteristics and should
be evaluated when investigating pollutant delivery from agricultural
environments.
2.2. Sampling sites
Five ﬁeld sites in the central to southern part of the SFIR were mon-
itored, including IATC-241, IATC-242, IATC-323 (Tipton Creek tribu-
tary); IASF-450 (South Fork tributary); and IABC-350 (Beaver Creek
tributary) (Fig. 1). These stations were selected because of the ongoing
collection of hydrology andwater quality data byUSDA-ARS. Sites IATC-
241 and 242 are tile drain discharge points, while the other three sites
are in-stream stations. The drainage area of the sampling sites is
shown in supplementary information (SI Table 1). The mean precipita-
tion at the sampling sites in SFIR was (849.4 ± 104.4 mm year−1), in-
creasing from 2013 to 2015.
2.3. Water samples
USDA-ARS operates tipping bucket rain gauges (Texas Electronics
TE525), high-accuracy stage recordings (PS-2 pressure sensor and
high-accuracy stage OTT CBS bubbler recorder), thermocouples for air
and stream temperature (Type-T thermocouple), ﬂow meters (Water-
Log H-355 bubbler), Teledyne ISCO 6712 samplers, and data loggers
(Campbell Scientiﬁc CR1000) at each sampling site. Samples were col-
lected in 2013, 2014, and 2015 from April to November, to include
planting, growing, and harvest seasons for corn and soybean. Sampling
frequency was initially monthly, but was increased to bi-monthly in
2014 and 2015, to capture more episodic events.
To monitor the AEC concentrations in water, duplicate grab samples
were collected from the tile outlets and in streams at the corresponding
sites. Grab samples were collected in 0.5 L amber glass jars with PTFE-
Fig. 1. Animal feeding operations (AFO) and sampling site locations in the South Fork watershed of the Iowa River (SFIR). The AFO's are categorized by swine, cattle, poultry, and
unclassiﬁed. The map inset shows the SFIR watershed boundary in central Iowa.
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lined caps. Grab samples were kept on ice in the ﬁeld and stored at 4 °C,
at USDA-ARS NLAE (National Laboratory of Agriculture and Environ-
ment) prior to analysis. Tiles maintained ﬂow throughout the majority
of the sampling season.
All POCIS (Environmental Sampling Technologies Laboratory) were
stored frozen prior to use, thawed and preconditioned in deionized
water for 24 h, and transferred to the ﬁeld in sealed cans until their de-
ployment. POCISwere deployed at four of theﬁve sampling sites, (IATC-
241, IATC-323, IASF-450, and IABC-350). Due to the elevated height of
the (IATC-242) tile drain outlet, a POCIS sampler couldn't be successful-
ly installed and submerged in the ﬂow path of the tile discharge, and
thus only grab samples were collected at this site. To protect the
POCIS during deployment, they were housed in stainless steel perforat-
ed protective canisters (Alvarez, 2010). Depending on the location and
physical characteristics of the site, the POCIS canisters were mounted
or suspended in the waterbody, and anchored with wire cable to the
shore. Due to the high ﬂow at IATC-241, the POCIS canister was located
to the side of the tile drain to prevent POCIS from being punctured by
high-velocity ﬂows and debris.
2.4. Sample analysis
2.4.1. Extraction procedure
POCIS extraction procedure was adapted from the protocols used by
Alvarez et al. (2004) andMazzella et al. (2007). POCISwas disassembled
and hydrophilic-lipophilic balance (HLB) sorbent material was washed
with 20 mL of acetonitrile-isopropyl alcohol (50:50, v:v) into a 60 mL
SPE reservoir, ﬁtted with a 20 μm frit. A second 20 μm frit was placed
on top of the transferred solvent, before elution. The washing solvent
was collected and then combined with 100 mL of acetonitrile-isopropyl
alcohol to elute the sorbent material. The washing solvent was not
discarded because testing showed signiﬁcant amounts of constituents
were found in the solution. Once the 120 mL of solvent was eluted,
250 μL of simetone dissolved in MeOH was added at a concentration
of 42 ng mL−1 as an internal standard. The combined extract and
wash was then evaporated down to 0.2–0.3 mL using a nitrogen evapo-
rator. After evaporation the residual solvent was reconstituted to 2 mL
using 10 mM ammonium acetate and allowed to reach equilibrium for
approximately 30 min. After equilibrium, samples were ﬁltered using
a 13 mm 0.2 μm pore nylon syringe ﬁlter and submitted for analysis.
In addition, POCIS residues from the SPE reservoirs were placed in
100 mL beakers and ﬁlled with 60 mL of solvent. Each residue sample
soaked for 24 h, extract and wash were collected, and 125 μl of internal
standardwas added. Extract andwashwere evaporated down to 0.2mL,
reconstituted with ammonium acetate to 2 mL and submitted for anal-
ysis. The POCIS + POCIS residue concentrations were summed after
analysis, providing the total mass concentration accumulated on the
POCIS. A lab spike (5 ng L−1 of each analyte) and lab blank (deionized
water) were processed with each set of POCIS samples. The spike was
used to determine POCIS extraction efﬁciency. POCIS extraction yielded
108% (ATZ), 82% (SMZ), and 81% (TYL) extraction efﬁciencies.
Grab samples were ﬁrst processed by ﬁltering 250 mL of sample
through 0.45 μm ﬁlter, eliminating particulate matter. Oasis HLB car-
tridges were preconditioned with 2 mL of MeOH, and drawn down,
followed by 2 mL of Milli-Q water. Samples were then eluted through
Oasis HLB solid phase extraction (SPE) cartridges with acetonitrile-
isopropyl alcohol. Simetone was also used as an internal standard for
the grab samples as described previously and extracts were evaporated
down, reconstituted, ﬁltered, and submitted for analysis.
2.4.2. AEC analysis
Analysis was performed using an ABSciex 5500 QTrap mass spec-
trometer with an Agilent 1260 Inﬁnity LC. Separation took place on a
Phenomenex-Gemini - 3 μm C18 110 A column, 50 × 2.0 mm, at a
ﬂow rate of 0.5 ml/min. Mobile phase A was 0.1% formic acid in water
and B was 0.1% formic acid in methanol. The LC gradient begins at 98%
A and holds for 0.3 min, then ramps to 20% A in 7.27 min, then rapidly
increases to 1% A by 7.37 min and is held for 3.53 min. The column is
re-equilibrated back to the initial conditions, for a total run time of
15 min. Compounds were monitored using multiple reaction monitor-
ing (MRM), with 3 stages collected for each. The most abundant transi-
tion was used for quantitation, and the second and third product ions
were used for ion ratio conﬁrmation. Acceptance criteria for the ions
were based on the European Standard, which uses a larger acceptance
range for smaller ion ratios as follows: the ratio is between 0 and 10%
when the acceptable percent difference is 50, if the ratio is 10–20% the
acceptable difference is 30%, a ratio range of 20–50% must agree with
a percent difference of 25, and a ratio above 50% has an acceptable per-
cent difference of 20 (European Standard EN 1662, 2008). The precursor
and product ion masses and optimized mass spectrometer conditions
for the determinations of SMZ, TYL, and ATZ are shown in (SI Table 2).
All sample extracts were analyzed for SMZ, TYL and ATZ. The instru-
mental limit of detection (LOD) and limit of quantiﬁcation (LOQ) were
determined for each analyte for water and POCIS (Table 1). Instrumen-
tal LOD and LOQ is the smallest signal above background noise that an
instrument can detect or quantify reliably. The LOD and LOQ for POCIS
samplers are back-calculated based on the analytical protocol and on
the sampling rate, Rs (Poulier et al., 2015).
2.5. POCIS time-weighted average concentrations and calibration
Time-weighted average (TWA) concentrations of river and drainage
water were calculated using experimentally determined POCIS uptake
rates (Rs, L d−1), sampling duration (t), the analyte mass accumulated
(Ms, g), and the concentrations were quantiﬁed from POCIS extracts
(Cs, ng L−1) bymass spectrometry. The TWAwas determined by the fol-
lowing equation:
TWA ¼ CsMs
Rst
ð1Þ
POCIS uptake rates for each target compound were calculated from
lab calibration experiments using the following equation:
Rs ¼ Ci–CtCi
 VT
t
ð2Þ
where, (Ci and Ct, ng L−1), initial concentration and concentration at
time, t. VT is the total volume of water at the time of calibration.
Rs valueswere determined by using a static depletion laboratory cal-
ibration method (Morin et al., 2012). Duplicate two-liter solutions con-
taining ATZ, SMZ, and TYL at 60 ng mL−1, were prepared and a single
Table 1
Instrumental and matrix limits of detection (LOD) and limit of quantiﬁcation (LOQ) for atrazine (ATZ), sulfamethazine (SMZ) and tylosin A (TYL).
Instrumental Grabs POCIS
Analyte Limit of detection
(ng L−1)
Limit of quantiﬁcation
(ng L−1)
Limit of detection
(ng L−1)
Limit of quantiﬁcation
(ng L−1)
Limit of detection
(ng L−1)
Limit of quantiﬁcation
(ng L−1)
SMZ 0.041 0.04 0.000328 0.00032 0.00016270 0.000159
TYL 0.044 0.04 0.000352 0.00035 0.00000965 0.000009
ATZ 0.027 0.03 0.000216 0.00024 0.00009574 0.000106
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POCISwas added to each container. Negative and positive controls were
also prepared. The negative control consisted of ultra-purewater with a
POCIS, whereas the positive control was spiked ultra-pure water with
ATZ, SMZ, TYL at 60 ngmL−1. The positive control accounted for thenat-
ural degradation of the analytes. Duplicate water samples were taken
each day for 21 days and the solution concentrations were determined
as described previously. To protect against photodegradation and evap-
oration, the calibration experiment was conducted in the dark and each
vessel was fully covered. Sampling rates (Rs) were quantiﬁed for SMZ
(0.084 L d−1), TYL (1.52 L d−1), and ATZ (0.094 L d−1), respectively.
The laboratory sampling rates calculated in this study are different
thanwhat the literature reports. In general, it is very difﬁcult to compare
laboratory Rs values between studies due to the difference in calibration
methods, conditions of the calibration system, and calculation methods
used in different experiments (Morin et al., 2012). From literature, we
know Rs values are inﬂuenced by temperature, water ﬂow/turbulence/
agitation, biofouling, POCIS conﬁguration, pH, physiochemical proper-
ties, conductivity and salinity. The literature reports laboratory Rs for
ATZ ranging from 0.240 ± 0.056–0.290 ± 0.003 L d−1 (Thomatou et
al., 2011; Bartelt-Hunt et al., 2011;MacLeod et al., 2007). In comparison,
our Rs is nearly three-fold lower at 0.094 L d−1. But, Alvarez (1999) re-
ported a laboratory Rs of 0.050 L d−1 for ATZ, showing thewide variabil-
ity of these sampling rates. In comparison, literature laboratory Rs values
ranged from 0.049 ± 0.040 to 0.243 ± 0.003 L d−1 (Bartelt-Hunt et al.,
2011; Mazzella et al., 2007) for SMZ, showing our Rs of 0.084 L d−1 lies
within this range. Lastly, our Rs value for TYL of 1.52 L d−1 was close to
the literature value of 1.33± 0.151 L d−1 reported by Bartelt-Hunt et al.
(2011). The variability of Rs values in our study compared to others is
signiﬁcant because variability affects the magnitude of TWA concentra-
tions (Eq. (1)), but the relative differences in TWA concentrations be-
tween samples within this study would not be affected. Thus, Rs
values are semi-quantitative and not truly quantitative.
2.6. Statistical analysis
Due to the number of samples with non-detectable concentrations,
SMZ (n=70 of 290) and TYL (n=136 of 290) assumptions of normal-
ity are not met and data are considered censored. Censored observa-
tions (non-detects) are deﬁned as low-level concentrations that
measure between 0 and the detection/reporting limit of laboratory an-
alytical equipment (Heisel, 2012). Tobit censored regression analysis
was used to account for censoring of the dependent variable, y, where
y is the analyte concentration, such that y = site + season + year.
These measurements are considered imprecise and are commonly re-
ported as an analytical threshold, less than some value. The detection
limit for each analyte was back-calculated, removing the less than nota-
tion and then input into the Tobit model, acting as a threshold limit for
the censored observations in each data set. The Tobit model was used to
determine differences in analyte concentration, based on site, season,
and year. Seasons were deﬁned as: Pre-Planting (March–May); Grow-
ing (June–August); and Harvest (September–November). Pearson
product-moment correlation coefﬁcient was determined for each ana-
lyte model. Additionally, interactions between site, season, and year
were analyzed. Signiﬁcant differences for all comparisonswere evaluat-
ed at p b 0.05. Statistical analysis was performed using SAS 9.4.
3. Results & discussion
3.1. Occurrence of AECs
POCIS TWA concentrations were determined for four sampling sites
in the SFIR watershed from May–November (2013), April–November
(2014), and March–November (2015). TYL, SMZ, and ATZ were detect-
ed at all sampling sites in every year. Detailed seasonal occurrence and
concentration data for each sampling site is provided in (Table 2). From
2013 to 2015, the detection frequencies for SMZ and TYL were 83% and
70%, respectively. ATZ, which is ubiquitous throughout the Midwest
(Van Metre et al., 2017; Kolpin et al., 2010; Battaglin et al., 2005), was
detected in 100% of the samples in the SFIR watershed. The detection
rates of these analytes are comparable to other studies using POCIS sam-
plers in agricultural settings (Table 3). Jaimes-Correa et al. (2015) re-
ported concentrations of SMZ fairly close to those observed in the
SFIR, while TYL was an order of magnitude lower than SFIR concentra-
tions. The detailed annual and seasonal occurrence of each analyte is
available in Supplemental Information (SI Table 3).
The physicochemical properties of SMZ indicate it is loosely sorbed
in the soil matrix, allowing for it to be highly mobile in the aqueous
phase (Wegst-Uhrich et al., 2014; Carstens et al., 2013; Boxall et al.,
2002). Degradation behavior of SMZ, shows an initial rapid degradation
followed by a slowdown period, reducing its dissipation in soil
(Lertpaitoonpan et al., 2015). These properties show the ability of SMZ
to be relatively persistent in the environment. In each of the sample
years, SMZ was detected above 70%; 93% (2013), 72% (2014), and 84%
(2015). In comparison, TYL physicochemical properties indicate that it
is more likely to be tightly sorbed and degrade very quickly in the soil
matrix and not as available for transport (Wegst-Uhrich et al., 2014;
Blackwell et al., 2007; Lee et al., 2007). Contrary to the expected reten-
tion of TYL in the soil, TYL had a detection frequency of 70% in the SFIR.
TYL was persistent throughout the sample seasons with detection fre-
quencies of: 93% (2013), 47% (2014), and 69% (2015).
3.2. Tobit censored regression analysis
From the Tobit model, the sigma parameter measures the estimated
standard error of the regression, which is then compared to the
Table 2
Summary of seasonal mean, median, and maximum POCIS analyte concentrations in SFIR
from 2013 to 2015, based on sampling site.
Site Analyte Season Mean
(ng L−1)
Median
(ng L−1)
Max
(ng L−1)
% Non-detects
IATC-241 SMZ Preplant 0.92 0.74 2.10 0.0
Growing 6.54 1.95 44.08 0.0
Harvest 1.83 0.87 14.12 3.7
TYL Preplant 0.18 0.02 1.51 30.0
Growing 0.07 0.03 0.27 11.8
Harvest 0.18 0.03 0.77 57.7
ATZ Preplant 368 128 1,949 0.0
Growing 288 239 939 0.0
Harvest 128 115 458 0.0
IATC-323 SMZ Preplant 0.6 0.6 1.2 10.5
Growing 6.2 0.9 32.7 12.0
Harvest 1.0 0.7 2.8 31.0
TYL Preplant 0.19 0.03 1.46 44.4
Growing 0.87 0.10 6.92 48.0
Harvest 0.23 0.06 1.33 48.3
ATZ Preplant 1,704 458 15,357 0.0
Growing 882 387 4,880 0.0
Harvest 146 122 538 0.0
IABC-350 SMZ Preplant 0.29 0.24 0.52 62.5
Growing 0.72 0.40 1.99 45.5
Harvest 0.39 0.28 1.00 48.3
TYL Preplant 0.21 0.03 0.89 57.9
Growing 0.10 0.06 0.61 43.5
Harvest 0.19 0.07 1.00 58.6
ATZ Preplant 2,152 563 10,817 0.0
Growing 983 452 4956 0.0
Harvest 102 91 386 0.0
IASF-450 SMZ Preplant 0.41 0.35 0.65 36.8
Growing 5.30 0.70 66.92 8.0
Harvest 1.08 0.50 6.46 25.9
TYL Preplant 0.24 0.04 1.46 47.4
Growing 3.45 0.08 22.80 52.0
Harvest 0.75 0.07 2.35 66.7
ATZ Preplant 1,968 789 13,041 0.0
Growing 1,054 354 7,518 0.0
Harvest 170 76 692 0.0
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standard deviation of the dependent variable, y, indicating if there is sta-
tistical signiﬁcance in the model parameter estimates. Based on the
sigma values, the model ﬁt for the Tobit was statistically signiﬁcant for
all analytes (SMZ, TYL, and ATZ) for POCIS and grabs (Table 4). To fur-
ther quantifymodel ﬁt, the Pearson product-moment correlation coefﬁ-
cient was estimated for predicted concentrations versus actual
concentrations, which results showed statistical signiﬁcance except for
the POCIS tylosin model (p= 0.7469). Model ﬁt was further improved
for each analyte by including interactions, which were all statistically
signiﬁcant (SI Table 4).
3.3. Temporal variation
3.3.1. POCIS samples
A pattern of temporal variation was observed for SMZ, TYL and ATZ
in the SFIR, on an annual and seasonal scale (Fig. 2 and SI Fig. 2). SMZex-
hibited signiﬁcant differences in concentration (p b 0.05) between 2013
and 2015. SMZ was signiﬁcantly higher (p = 0.0033) in 2014 with a
TWA 2.83 ng L−1, while there was no statistical difference between
2013 and 2015. TWA of TYL, 1.54 ng L−1 was signiﬁcantly higher in
2013 than in the subsequent years of the study. ATZ showed a strongan-
nual variation in 2013 (p b 0.0001) and 2014 (p=0.0170), signiﬁcantly
higher in 2013 (2227.9 ng L−1) compared to 2014 (478.6 ng L−1). POCIS
monitoring of SMZ and TYL by Jaimes-Correa et al. (2015) did not report
signiﬁcant temporal variation of these antibiotics.
Next, we examined the impact of seasonality. From the results of the
Tobit model, a pattern of seasonality was found only for SMZ and ATZ in
the SFIR from 2013 to 2015 (Fig. 2). The growing season for SMZ was
statistically signiﬁcant (p b 0.0001). Peak SMZ concentrations occurred
during this time period and accounted for the highest detection fre-
quency of SMZ, at 92%. There was no signiﬁcant difference between
harvest and preplant concentrations. ATZ seasonality was signiﬁcant
during growing and harvest season,with (p b 0.0001) for both. Growing
and harvest seasonality could be linked to high base ﬂow conditions.
Base ﬂow accounted for 54% of total ﬂow during the growing season
and 72% of total ﬂow during harvest season. Base ﬂow was separated
from the hydrograph using an algorithm developed by (Arnold and
Allen, 1999; Arnold et al., 1995). The seasonal pulses of these veterinary
antibiotics that occurred during the growing and harvest season in the
SFIR, is consistent with studies that indicate similar patterns of occur-
rence and detection during summer months (Jaimes-Correa et al.,
2015; Kim and Carlson, 2007; Lissemore et al., 2006). High atrazine
TWA concentrations occurred predominantly during preplant in the
month of May. This relationship was not signiﬁcant, but it coincides
with the period when ATZ is typically expected to be high due to previ-
ous heavy use of herbicides and periods of heavy precipitation, resulting
in the ﬁrst ﬂush phenomenon (Thurman et al., 1991; Graziano et al.,
2006). Overall, there was a decreasing trend in TWA concentrations
for ATZ, from preplant to harvest. The high detection frequency of ATZ
throughout this study, is most likely due to its slow degradation and
high persistence in the watershed. TYL, did not exhibit a trend of sea-
sonality, which may be due to its tendency to be tightly sorbed and
Table 3
Comparison of atrazine (ATZ), sulfamethazine (SMZ) and tylosin (TYL) concentrations in SFIR watershed to concentrations in other agricultural watersheds using POCIS samplers.
Site name Area Study duration Land cover Analyte Detection Freq Mean Conc Source
The River Trec, France 200 km2 Apr.–Jun. 2013 corn, wheat, rapeseed,
arboriculture, vegetables
ATZ 100% 6–29 ng L−1 Poulier et al., 2014
Auvézére River, France 900 km2 Jan.–Sept. 2002 agric. lands (73%)
grasslands (50%)
cereal crops (28%)
ATZ
DEA
45–60%
90–100%
6–8 ng L−1 Poulier et al., 2015
Shell Creek Watershed,
Nebraska USA
1200 km2 Sept.–Nov. 2008
Jun.–Oct. 2009
cultivated land cover, 1550 farms
(swine, cattle, poultry)
SMZ
TYL
94.5% 1.3 ng L−1
0.034 ng L−1
Jaimes-Correa et al., 2015
South Nation Watershed, Canada 3915 km2 May–Jul. 2010 corn-soybean, tile drainage ATZ 100% 6–256 ng L−1 Dalton et al., 2014
Yangtze Estuary, China 30,000 km2 Oct.–Dec. 2013 aquaculture ﬁsheries SMZ 100% 40.7 ng L−1 Shi et al., 2014
South Fork of the Iowa River,
Buckeye Iowa USA
264.7 km2 Jun.–Aug. 2013 cultivated crops (90.4%),
subsurface drainage (88.7%)
ATZ – 610.4 ng L−1 VanMetre et al., 2017
South Fork of the Iowa River,
New Providence, Iowa USA
582.4 km2 Jun.–Aug. 2013 cultivated crops (85.7%),
subsurface drainage (84.8%)
ATZ – 211.2 ng L−1 VanMetre et al., 2017
South Fork Watershed of
the Iowa River, Iowa USA
781 km 2 May–Nov. 2013
Apr.–Nov. 2014
Mar.–Nov. 2015
agric. lands (96%)
corn-soybean, tile drainage
(80%), 169 AFOs
SMZ
TYL
ATZ
83%
70%
100%
1.87 ng L−1
0.30 ng L−1
754.2 ng L−1
Current study
Table 4
Comparison summary of the Tobit model ﬁt to POCIS or grab sampling based on sigma
values.
POCIS samples Grab samples⁎
Analyte Standard
deviation
σ Sigma
P-value
Standard
deviation
σ Sigma
P-value
SMZ 6.417 6.853 b0.0001 0.0031 0.0037 b0.0001
TYL 1.896 2.642 b0.0001 0.0221 0.0302 b0.0001
ATZ 1842.7 1521.8 b0.0001 0.4359 0.3902 b0.0001
⁎ Grab samples include a total of 5 sites, not 4 like the POCIS.
Fig. 2. POCIS time weighted average (TWA) contaminant concentrations across the SFIR
watershed, based on season from 2013 to 2015. The error bars indicate the standard
deviation and seasonal signiﬁcance for analyte concentrations (p b 0.05) is indicated by
the letter (a) above the bar.
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unavailable in the aqueous phase. Therewas also a decrease in detection
of TYL from 2013 to 2015, 93.1% (2013), 47% (2014), and 69% (2015).
3.3.2. Grab samples
A similar seasonal trend that was seen in the POCIS derived concen-
trations was veriﬁed by grab samples (Fig. 3), where growing and har-
vest seasons were statistically signiﬁcant in the Tobit model for SMZ,
TYL, and ATZ. In addition, concentrations for all analytes were signiﬁ-
cant in the Tobit model for sampling years 2013 and 2014 for grab sam-
ples (SI Fig. 3).
3.4. Impact of tile drainage and hydrology
In this study, site IATC-241 provided the only directmeasurement of
tile drain efﬂuent using the POCIS sampler. The other three sites moni-
tored all have indirect contributions from tile drain outﬂows into sur-
face water upstream of those sites, but may also be affected by in-
stream processes after drainage enters the stream channel. Tile drain
mean TWA concentrations were 3.0 ng L−1 (SMZ) and 0.14 ng L−1
(TYL), with detection frequencies of 100% and 81%, respectively (Table
2 and Table SI-3). Maximum TWA concentrations were higher for SMZ
Fig. 3. Grab-sample determined average contaminant concentrations across the SFIR
watershed, based on season from 2013 to 2015. The error bars indicate the standard
deviation and seasonal signiﬁcance for analyte concentrations (p b 0.05) is indicated by
the letter (a) above the bar.
Fig. 4. Comparison of contaminant concentrations obtained by POCIS and grab-sample in the SFIR watershed for (a) sulfamethazine, (b) tylosin, and (c) atrazine.
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at 44.1 ng L−1 than for TYL at 1.51 ng L−1. SMZwasmore prevalent than
TYL from the tile drain. In comparison, studies that monitored SMZ and
TYL in other Iowa agricultural settings (Cain et al., 2008; Garder et al.,
2014), found concentrations an order ofmagnitude higher than concen-
trations from IATC-241. The baseﬂow contribution at IATC-241 was ap-
proximately 64% of the total ﬂow from 2013 to 2015. The percentage
contribution of base ﬂow increasedwith season as total ﬂow decreased.
IATC-241 produced high concentrations and high frequencies of detec-
tions for SMZ and TYL, but monitoring site was not a signiﬁcant (p N
0.05), SMZ (p = 0.0621) and TYL (p = 0.7204) contributor to the
Tobit regression model. The remaining subsurface sites did not contrib-
ute statistical signiﬁcance to the regression, except for IABC-350 for
SMZ.
Even though the tile-drainage sites (IATC241 and IATC242) do not
contribute to the Tobit model, the detection of SMZ and TYL demon-
strates the ability of tile drains to transport antibiotics from land-ap-
plied manures into the subsurface environment, then to surface
waters. Furthermore, the increase of baseﬂow percentage as the season
transpires highlights the importance ofmonitoring subsurface drainage,
due to the capability to transport antibiotics. This is consistent with re-
sults by Kay et al. (2004), who ﬁrst demonstrated the transport of anti-
biotics through tile drains.
3.5. Comparison between POCIS and grab samples
Comparing POCIS results to those for grab samples is difﬁcult due to
the duration of the sampling period between the two methods of sam-
pling (Morin et al., 2012). The biggest shortcoming of discrete grab sam-
pling is that it provides only a snapshot or an instantaneous estimate of
environmental levels, neglecting episodic events and overestimating
concentrations (Thomatou et al., 2011; Vrana et al., n.d.). The POCIS pro-
vides time integrative sampling by capturing episodic events, thereby
providing a more complete picture. The most noticeable difference ob-
served between sampling methods was detection frequency. ATZ had
a detection frequency of 100% for both methods, but SMZ and TYL had
higher detection frequencies for POCIS, at 82% and 68% respectively. In
comparison, SFIR grab samples detected SMZ at 59% and TYL at 60%.
The higher detection frequencies for POCIS samples could be explained
by its lower LOD/LOQ compared to that of the grab samples. The POCIS
improves the LOD by concentrating sequestered analytes of interest. Es-
timated POCIS concentrationswere lower for SMZ andTYL, compared to
grab samples (Fig. 4). A similar relationshipwas observed by Jones-Lepp
et al. (2012).
4. Conclusion
Baseline knowledge on concentrations, occurrence, transport, and
temporal behavior of SMZ, TYL, and ATZ in a swine dominated water-
shed are presented. This study suggests SMZ, TYL, and ATZ were all
ubiquitous in SFIR with detection frequencies of 68–100%. We demon-
strated application of POCIS to monitor and detect antibiotics at sub-in-
hibitory concentrations in tile drained landscapes. The detection of SMZ
& TYL was higher with POCIS samples than grab samples. The POCIS
technology resulted in a lower percentage of censored data for all
analytes, compared to grab samples.
While the half-life of these antibiotics are relatively short term, they
have shown the ability to be persistent throughout the year in the SFIR,
possibly releasing from the terrestrial environment in an episodic na-
ture due to their sources of input. At the single tile drain site monitored
by POCIS, IATC-241, a high occurrence of SMZ and TYL was observed
across the duration of the study. More importantly, this study veriﬁes
the role of tile drainage in the transport TYL in an agricultural water-
shed. TYL is thought to be less available in the aqueous phase, and
more likely sorbed to sediment or soil, suggesting that runoff is the
main mechanism for transport.
TWA concentrations for SMZ and TYL were an order of magnitude
lower (ng L−1) than the minimum inhibitory concentrations (MIC) for
E.coli. Still, the prevalence of these antibiotics at sub-inhibitory concen-
trations could be a cause for concern, due to the potential selective pres-
sure from these antibiotics on the retention of resistance genes
(Andersson andHughes, 2012; Gullberg et al., 2014). The fate and trans-
port of these analytes are impacted by their time of application, hydro-
logical conditions of the watershed, and seasonality. SMZ and ATZ
concentrations were found to be statistically signiﬁcant during growing
and harvest seasons, consistentwith other studies which indicated sim-
ilar trends during summer months. By identifying the seasonal fate and
occurrence of these analytes, we can be proactive by focusing on the en-
vironmental conditions (precipitation, runoff, erosion) and land man-
agement techniques (timing of manure application, surface and
subsurface drainage) which inﬂuence their persistence in the environ-
ment, thereby by reducing their potential environmental impact. Man-
agement options which have been proven to reduce the transport of
antibiotics in the environment, include controlled tile drainage systems
(surface water) and vegetative buffer strips (surface runoff).
Acknowledgements
We would like to thank Elizabeth Douglass, Elliott Rossow, Conrad
Brendel, Rene Schmidt, Jeremy Hadler, David James, Jeff Nichols, and
USDA-ARS NLAE for their support on this project. Mention of trade
names or commercial products in this publication is solely for the pur-
pose of providing speciﬁc information and does not imply recommen-
dation or endorsement by the U.S. Department of Agriculture. USDA is
an equal opportunity provider and employer. Funding was provided in
part by the USDA National Institute of Food and Agriculture (Grant no.
2013-67019-21378).
Appendix A. Supplementary information
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2017.08.090.
References
Alvarez, D.A., 1999. Development of an Integrative Sampling Device for Hydrophilic Or-
ganic Contaminants in Aquatic Environments. University of Missouri-Columbia, Co-
lumbia, MO, USA.
Alvarez, D.A., 2010. Guidelines for the Use of the Semipermeable Membrane Device
(SMPD) and the Polar Organic Chemical Integrative Sampler (POCIS) in Environmen-
tal Monitoring Studies. U.S. Geological Survey, Techniques and Methods 1-D4 (28 p).
Alvarez, D.A., Petty, J.D., Huckins, J.N., Jones-Lepp, T.L., Getting, D.T., Goddard, J.P.,
Manahan, S.E., 2004. Development of a passive, in situ, integrative sampler for hydro-
philic organic contaminants in aquatic environments. Environ. Toxicol. Chem. 23,
1640–1648.
Alvarez, D.A., Stackleberg, P.E., Petty, J.D., Huckins, J.N., Furlong, E.T., Zaugg, S.D., Meyer,
M.T., 2005. Comparison of a novel passive sampler to standard water-column sam-
pling for organic contaminants associated with wastewater efﬂuents entering a
New Jersey stream. Chemosphere 61, 610–622.
Alvarez, D.A., Huckins, J.N., Petty, J.D., Jones-Lepp, T., Stuer-Lauridsen, F., Getting, D.T.,
Goddard, J.P., Gravell, A., 2007. Passive sampling techniques in environmental moni-
toring. Comp. Anal. Chem. 48, 171–197.
Andersson, D.I., Hughes, D., 2012. Evolution of antibiotic resistance at non-lethal drug
concentrations. Drug Resist. Update 15, 162–172.
Arnold, J.G., Allen, P.M., 1999. Automated methods for estimating baseﬂow and ground
water recharge from streamﬂow records. J. Am. Water Resour. Assoc. 35, 411–424.
Arnold, J.G., Allen, P.M., Muttiah, R., Bernhardt, G., 1995. Automated base ﬂow separation
and recession analysis techniques. Groundwater 33, 1010–1018.
Barber, L.B., Meyer, M.T., LeBlanc, D.R., Kolpin, D.W., Bradley, P.M., Chapelle, F.H., Rubio, F.,
2008. Subsurface fate and transport of sulfamethoxazole, 4-nonylphenol, and 17b-es-
tradiol. In: Trefry, M.G. (Ed.), Groundwater Quality 2007—Securing Groundwater
Quality in Urban and Industrial Environments: International Association of Hydrolog-
ical Sciences IAHS Redbook, IAHS Publ. 324, p. 133–139, Conference Proceedings for
Groundwater Quality 2007: Securing Groundwater Quality in Urban and Industrial
Environments. Freemantle, Australia.
Bartelt-Hunt, S.L., Snow, D.D., Damon-Powell, T., Brown, D.L., Prasai, G., Schwarz, M.,
Kolok, A.S., 2011. Quantitative evaluation of laboratory uptake rates for pesticides,
pharmaceuticals, and steroid hormones using POCIS. Environ. Toxicol. Chem. 30,
1412–1420.
365M.T. Washington et al. / Science of the Total Environment 612 (2018) 358–367
Bassil, R.J., Bashour, I.I., Sleiman, F.T., Abou-Jawdeh, Y.A., 2013. Antibiotic uptake by plants
from manure-amended soils. J. Environ. Sci. Health B 48, 570–574.
Battaglin, W.A., Kolpin, D.W., Scribner, E.A., Kuivilia, K.M., Sandstrom, M.W., 2005. Glyph-
osate, other herbicides, and transformation products in Midwestern streams. 2002.
J. Am. Water Resour. Assoc. 41, 323–332.
Blackwell, P.A., Kay, P., Boxall, A.B.A., 2007. The dissipation and transport of veterinary an-
tibiotics in a sandy loam soil. Chemosphere 67, 292–299.
Boxall, A.B.A., Blackwell, P., Cavallo, R., Kay, P., Tolls, J., 2002. The sorption and transport of
a sulphonamide antibiotic in soil systems. Toxicol. Lett. 131 (1–2), 19–28.
Cain, T.G., Kolpin, D.W., Vargo, J.D., Wichman, M.D., 2008. Occurrence of antibiotics, phar-
maceuticals and sterols at select surface and wastewater sites in Iowa. In: Proceed-
ings of the 4th International Conference on Pharmaceuticals and Endocrine
Disrupting Chemicals in Water, Minneapolis, Minnesota, October 13–15, 2004: Na-
tional Ground Water Association, p. 151-157 (CD-ROM). http://citrix.ngwa.org/
gwol/pdf/042379985.pdf.
Campagnolo, E.R., Johnson, K.R., Karpati, A., Rubin, C.S., Kolpin, D.W., Meyer, M.T., Esteban,
J.E., Currier, R.W., Smith, K., Thu, K.M., McGeehin, M., 2002. Antimicrobial residues in
animal waste and water resources proximal to large-scale swine and poultry feeding
operations. Sci. Total Environ. 299, 89–95.
Carstens, K.L., Gross, A.D., Moorman, T.B., Coats, J.R., 2013. Sorption and photodegradation
processes govern distribution and fate of sulfamethazine in freshwater–sediment mi-
crocosms. Environ. Sci. Technol. 47 (19), 10877–10883.
Carter, L.J., Harris, E., Williams, M., Ryan, J.J., Kookana, R.S., Boxall, A.B.A., 2014. Fate and
uptake of pharmaceuticals in soil-plant systems. J. Agric. Food Chem. 62, 816–825.
Chander, Y., Gupta, S.C., Goyal, S.M., Kumar, K., Murray, H., 2007. Sub-therapeutic use of
antibiotics and prevalence of antibiotic resistant bacteria on swine farms. Res.
J. Micro. 2 (9), 654–663.
Chee-Sanford, J.C., Mackie, R.I., Koike, S., Krapac, I.G., Lin, Y.F., Yannarell, A.C., Aminov, R.I.,
2009. Fate and transport of antibiotic residues and antibiotic resistance genes follow-
ing land application of manure waste. J. Environ. Qual. 38 (3), 1086–1108.
Dalton, R.L., Pick, F., Boutin, C., Saleem, A., 2014. Atrazine contamination at the watershed
scale and environmental factors affecting sampling rates of the polar organic chemi-
cal integrative sampler (POCIS). Environ. Pollut. 189, 134–142.
Dolliver, H., Kumar, K., Gupta, S., 2007. Sulfamethazine uptake by plants from manure-
amended soil. J. Environ. Qual. 36, 1224–1230.
European Standard EN 15662, 2008. Foods of Plant Origin—Determination of Pesticide
Residues Using GC-MS and/or LC-MS/MS Following Acetonitrile Extraction/
Partitioning and Clean-Up by Dispersive SPE—QuEChERS-Method.
Fairbairn, D.J., Karpuuzca, M.E., Arnold, W.A., Barber, B.L., Kaufenberg, E.F., Koskinen,
W.C., Novak, P.J., Rice, P.J., Swackhamer, D.L., 2015. Sediment-water of
contaminants of emerging concern in a mixed use watershed. Sci. Total Environ.
505, 896–904.
Food and Drug Administration Center for Veterinary Medicine, 2003. Guidance for Indus-
try-152: Evaluating the Safety of Antimicrobial new Animal Drugs with Regard to
their Microbiological Effects on Bacteria of Human Health Concern. FDA, Maryland.
Food and Drug Administration Center for Veterinary Medicine, 2012. Guidance for Indus-
try-209: The Judicious Use of Medically Important Antimicrobial Drugs in Food-Pro-
ducing Animals. FDA, Maryland.
Food and Drug Administration Center for Veterinary Medicine, 2013. Guidance for Indus-
try-213: New Animal Drugs and New Animal Drug Combination Products Adminis-
tered in or on Medicated Feed or Drinking Water of Food Producing Animals:
Recommendations for Drug Sponsors for Voluntarily Aligning Product Use Conditions
with GFI #209. FDA, Maryland.
Food and Drug Administration Center for Veterinary Medicine, 2015. 2013 Summary Re-
port: Antimicrobials Sold or Distributed for Use in Food-Producing Animals (FDA
Maryland).
Frey, S.K., Topp, E., Khan, I.U.H., Ball, B.R., Edwards, M., Gottschall, N., Sunohara, M., Lapen,
D.R., 2015. Quantitative Campylobacter spp., antibiotic resistance genes, and veteri-
nary antibiotics in surface and ground water following manure application: inﬂuence
of tile drainage control. Sci. Total Environ. 532, 138–153.
Gao, L., Shi, Y., Li, W., Liu, J., Cai, Y., 2012. Occurrence, distribution and bioaccumulation of
antibiotics in the Haihe River in China. J. Environ. Monit. 14, 1248–1255.
Garder, J.L., Moorman, T.B., Soupir, M.L., 2014. Transport and persistence of tylosin-resis-
tant enterococci, erm genes, and tylosin in soil and drainage water from ﬁelds receiv-
ing swine manure. J. Environ. Qual. 43, 1484–1493.
Gentry, L.E., David, M.B., Smith-Starks, K.M., Kovacic, D.A., 2000. Nitrogen fertilizer and
herbicide transport from tile drained ﬁelds. J. Environ. Qual. 29, 232–240.
Givens, C.E., Kolpin, D.W., Borchardt, M.A., Duris, J.W., Moorman, T.B., Spencer, S.K., 2016.
Detection of hepatitis E virus and other livestock-related pathogens in Iowa streams.
Sci. Total Environ. 566–567, 1042–1051.
Graziano, N., McGuire, M.J., Roberson, A., Adams, C., Jiang, H., Blute, N., 2006. 2004 Nation-
al Atrazine Occurrence Monitoring Program Using the Abraxis ELISA method. Envi-
ron. Sci. Technol. 40 (4), 1163–1171.
Green, C.H., Tomer, M.D., Di Luzio, M., Arnold, J.G., 2006. Hydrologic evaluation of the soil
and water assessment tool for a large tile-drained watershed in Iowa. Trans. ASABE
49 (2), 413–422.
Gullberg, E., Albrecht, L.M., Karlsson, C., Sandegren, L., Andersson, D.I., 2014. Selection of a
multidrug resistance plasmid by sublethal levels of antibiotics and heavy metals.
mBio 5 (5). http://dx.doi.org/10.1128/mBio.01918-14 (e01918-14).
Heisel, D.R., 2012. Statistics for Censored Environmental Data Using Minitab and R. 2nd
Edition. John Wiley & Sons.
Heuer, H., Schmitt, H., Smalla, K., 2011. Anitibiotic resistance gene spread due to manure
application on agricultural ﬁelds. Curr. Opin. Microbiol. 14, 236–243.
Jaimes-Correa, J.C., Snow, D.D., Bartelt-Hunt, S.L., 2015. Seasonal occurrence of antibiotics
and a beta agonist in an agriculturally-intensive watershed. Environ. Pollut. 205,
87–96.
Jones-Lepp, T.L., Sanchez, C., Alvarez, D.A., Wilson, D.C., Taniguchi-Fu, R.L., 2012. Point
sources of emerging contaminants along the Colorado River Basin: source water for
the arid Southwestern United States. Sci. Total Environ. 430, 237–245.
Joy, S.R., Bartelt-Hunt, S.L., Snow, D.D., Gilley, J.E., Woodbury, B.L., Parker, D.B., Marx, D.B.,
Li, X., 2013. Fate and transport of antimicrobials and antimicrobial resistance genes in
soil and runoff following land application of swine manure slurry. Environ. Sci.
Technol. 47 (21), 12081–12088.
Kay, P., Blackwell, P.A., Boxall, A.B.A., 2004. Fate of veterinary antibiotics in a macroporous
tile drained clay soil. Environ. Toxicol. Chem. 23 (5), 1136–1144.
Kemper, N., 2008. Veterinary antibiotics in the aquatic and terrestrial environment. Ecol.
Indic. 8, 1–13.
Kim, S.C., Carlson, K., 2007. Temporal and spatial trends in the occurrence of human and
veterinary antibiotics in aqueous and river sediment matrices. Environ. Sci. Technol.
41 (1), 50–57.
Kim, K., Owens, G., Kwon, S., So, K., Lee, D., Ok, Y.S., 2011. Occurrence and environmental
fate of veterinary antibiotics in the terrestrial environment. Water Air Soil Pollut. 214,
163–174.
Kladivko, E.J., Van Scoyoc, G.E., Monke, E.J., Oates, K.M., Pask, W., 1991. Pesticide move-
ment into subsurface tile drains on a silt loam soil in Indiana. J. Envrion. Qual. 20,
264–270.
Kolpin, D.W., Furlong, E.T., Meyer, M.T., Thurman, E.M., Zaugg, S.D., Barber, L.B., Buxton,
H.T., 2002. Pharmaceuticals, hormones, and other organic wastewater contaminants
in U.S. streams, 1999–2000: a national reconnaissance. Environ. Sci. Technol. 36,
1202–1211.
Kolpin, D.W., Hoerger, C.C., Meyer, M.T., Wettstein, F.E., Hubbard, L.E., Bucheli, T.D., 2010.
Phytoestrogens and mycotoxins in Iowa streams: an examination of
underinvestigated compounds in agricultural basins. J. Environ. Qual. 39, 2089–2099.
Kolpin, D.W., Blazer, V.S., Gray, J.L., Focazio, M.J., Young, J.A., Alvarez, D.A., Iwanowicz, L.R.,
Foreman, W.T., Furlong, E.T., Speiran, G.K., Zaugg, S.D., Hubbard, L.E., Meyer, M.T.,
Sandstrom, M.W., Barber, L.B., 2013. Chemical contaminants in water and sediment
near ﬁsh nesting sites in the Potomac River Basin: determining potential exposures
to smallmouth bass (Micropterus dolomieu). Sci. Total Environ. 443, 700–716.
Kurwadkar, S.T., Adams, C.D., Meyer, M.T., Kolpin, D.W., 2011. Comparative mobility of
sulfonamides and bromide tracer in three soils: J. Environ. Manag. 92, 1874–1881.
Lee, L.S., Carmosini, N., Sassman, S.A., Dion, H.M., Sepulveda, M.S., 2007. Agricultural con-
tributions of antimicrobials and hormones on soil and water quality. Adv. Agron. 93,
1–68.
Lertpaitoonpan,W., Moorman, T.B., Ong, S.K., 2015. Effect of swine manure on sulfameth-
azine degradation in aerobic and anaerobic soils. Water Air Soil Pollut. 226:81. http://
dx.doi.org/10.1007/s11270-014-2286-1.
Lissemore, L., Hao, C., Yang, P., Sibley, P.K., Mabury, S., Solomon, K.R., 2006. An exposure
assessment for selected pharmaceuticals within a watershed in Southern Ontario.
Chemosphere 64, 717–729.
MacLeod, S.L., McClure, E.L., Wong, C.S., 2007. Laboratory calibration and ﬁeld deployment of
the polar organic chemical integrative sampler for pharmaceuticals and personal care
products in wastewater and surfacewater. Environ. Toxicol. Chem. 26, 2517–2529.
Mathew, A.G., Beckmann, M.A., Sexton, A.M., 2001. A comparison of antibiotic resistance
in bacteria isolated from swine herds in which antibiotics were used or excluded.
J. Swine Health Prod. 9, 3.
Mazzella, N., Dubernet, J.F., Delmas, F., 2007. Determination of kinetic and equilibrium re-
gimes in the operation of polar organic chemical integrative samplers application to
the passive sampling of the polar herbicides in aquatic environments. J. Chromatogr.
A 1154, 42–51.
McCarthy, K.A., Rose, C.E., Kalkhoff, S.J., 2012. Environmental settings of the South Fork
Iowa River Basin, Iowa, and the Bogue Phalia basin, Mississippi, 2006–10: U.S. Geo-
logical Survey Scientiﬁc Investigations Report 2012–5021 (22 p).
Morin, N., Camilleri, J., Cren-Olivè, C., Coquery, M., Miège, C., 2012. Determination of up-
take kinetics and sampling rates for 56 organic micropollutants using “pharmaceuti-
cal” POCIS. Talanta 109, 61–73.
Ok, Y.S., Kim, S.C., Kim, K.R., 2011. Monitoring of selected veterinary antibiotics in envi-
ronmental compartments near a composting facility in Gangwon Province, Korea. En-
viron. Monit. Assess. 174, 693–701.
Ou, D., Chen, B., Bai, R., Song, P., Lin, H., 2015. Contamination of sulfonamide antibiotics
and sulfamethazine resistant bacteria in the downstream and estuarine areas of Jiu-
long River in Southeast China. Environ. Sci. Pollut. Res. Int. 22 (16), 12104–12113.
Poulier, G., Lissalde, S., Charriau, A., Buzier, R., Delmas, F., Gery, K., Moreira, A., Guibaud, G.,
Mazzella, N., 2014. Can POCIS be used in water framework directive (2000/60/EC)
monitoring networks? A study focusing on pesticides in a French agricultural water-
shed. Sci. Total Environ. 497–498, 282–292.
Poulier, G., Lissalde, S., Charriau, A., Buzier, R., Cleries, K., Delmas, F., Mazzella, N., Guibaud,
G., 2015. Estimates of pesticides concentrations and ﬂuxes in two rivers of an exten-
sive French multi-agricultural watershed: application of the passive sampling strate-
gy. Environ. Sci. Pollut. Res. 22, 8044–8057.
Pruden, A., Larsson, D.G.J., Amézquita, A., Collignon, P., Brandt, K.K., Graham, D.W.,
Lazorchak, J.M., Suzuki, S., Silley, P., Snape, J.R., Topp, E., Zhang, T., Zhu, Y.G., 2013.
Management options for reducing the release of antibiotics and antibiotic resistance
genes to the environment. Environ. Health Perspect. 121 (8), 878–885.
Qi, Z., Helmers, M.J., Christianson, R.D., Pederson, C.H., 2011. Nitrate-nitrogen losses
through subsurface drainage under various agricultural land covers. J. Environ.
Qual. 40, 1578–1585.
Schilling, K.E., Jindal, P., Basu, N.B., Helmers, M.J., 2012. Impact of artiﬁcial subsurface
drainage on groundwater travel times and baseﬂow discharge in an agricultural wa-
tershed, Iowa (USA). Hydrol. Process. 26, 3092–3100.
Shi, X., Zhou, J.L., Zhao, H., Hou, L., Yang, Y., 2014. Application of passive sampling in
assessing the occurrence and risk of antibiotics and endocrine disrupting chemicals
in the Yangtze Estuary. China. Chemosphere. 111, 344–351.
366 M.T. Washington et al. / Science of the Total Environment 612 (2018) 358–367
Söderström, H., Lindberg, R.H., Fick, J., 2009. Strategies for monitoring the emerging polar
organic contaminants in water with emphasis on integrative passive sampling.
J. Chromatogr. A 1216, 623–630.
Thomatou, A.-A., Zacharias, I., Hela, D., Konstantinou, I., 2011. Passive sampling of selected
pesticides in aquatic environment using polar organic chemical integrative samplers.
Environ. Sci. Pollut. Res. 18, 1222–1232.
Thurman, E.M., Goolsby, D.A., Meyer, M.T., Kolpin, D.W., 1991. Herbicides in surface wa-
ters of the Midwestern United States: the effect of spring ﬂush. Environ. Sci. Technol.
25, 1794–1796.
Tomer, M.D., James, D.E., 2004. Do soil surveys and terrain analysis identify similar prior-
ity sites for conservation? Soil Sci. Soc. Am. J. 68 (6), 1905–1915.
Tomer, M.D., Moorman, T.B., James, D.E., Hadish, G., Rossi, C.G., 2008a. Assessment of the
Iowa River's south fork watershed: part 2. Conservation practices. J. Soil Water
Conserv. 63 (6), 370–379.
Tomer, M.D., Moorman, T.B., Rossi, C.G., 2008b. Assessment of the Iowa River's south fork
watershed: part 1. Water quality. J. Soil Water Conserv. 63 (6), 360–370.
USDA NASS, 2012. Census of Agriculture, Ag Census County Summary Highlights.
Van Metre, P.C., Alvarez, D.A., Mahler, B.J., Nowell, L., Sandstrom, M., Moran, P., 2017.
Complex mixtures of pesticides in Midwest U.S. streams indicated by POCIS time-in-
tegrating samplers. Environ. Pollut. 220, 431–440.
Vrana, B., Mills, G.A., Allan, I.J., Dominiak, E., Svensson, K., Knutsson, J., Morrison, G.,
Greenwood, R., 2005. Passive sampling techniques for monitoring pollutants in
water. Trends Anal. Chem. 24, 10.
Watanabe, N., Bergamaschi, B.A., Loftin, K.A., Meyer, M.T., Harter, T., 2010. Use and envi-
ronmental occurrence of antibiotics in freestall dairy farms with manured forage
ﬁelds. Environ. Sci. Technol. 44 (17), 6591–6600.
Wegst-Uhrich, S.R., Navarro, D.A.G., Zimmerman, L., Aga, D.S., 2014. Assessing antibiotic
sorption in soil: a literature review and new case studies on sulfonamides and
macrolides. Chem. Central J. 8, 5.
Wu, C., Spongberg, A.L., Witter, J.D., 2011. The uptake of pharmaceutical and personal care
products by agriculturally relevant plant species. Chem. Today. 29, 2.
367M.T. Washington et al. / Science of the Total Environment 612 (2018) 358–367
